1.. Introduction {#s1}
================

The microtubule (MT) cytoskeleton is critically important for the organization of eukaryotic cells and plays a central role in the regulation of a wide variety of cellular processes. The organization and nucleation of MTs must be highly regulated in order to generate and maintain MT complex arrays. In most model systems studied so far, MT nucleation relies on γ-tubulin complexes that control MT formation spatio-temporally \[[@RSTB20130462C1]\]. γ-Tubulin complexes are necessary because spontaneous nucleation of new tubulin polymers is kinetically limiting both *in vivo* and *in vitro*. Surprisingly, the majority of γ-tubulin-containing complexes are found in the cytoplasm, where they are devoid of significant MT nucleation activity \[[@RSTB20130462C2]\]. This raises the question as to how γ-tubulin nucleating complexes are recruited and then activated at specific intracellular locations and how this recruitment is regulated. An answer to this question is found in the activity of MT-organizing centres.

The major MT-organizing centre in animal cells is the centrosome that consists of a pair of centrioles surrounded by a pericentriolar matrix (PCM) \[[@RSTB20130462C3]\]. It orchestrates MT organization by stimulating MT nucleation and anchoring. These activities mostly reside on the PCM which is highly enriched in γ-tubulin nucleating complexes. Several PCM components are known to serve for γ-tubulin recruitment, and their roles in MT nucleation during the cell cycle have been widely studied \[[@RSTB20130462C4]\]. Interestingly, some of these centrosomal proteins also localize at the Golgi apparatus (GA), which has been shown to act as an important MT-nucleating centre \[[@RSTB20130462C5]\]. In this review, I will focus on the roles of PCM proteins at the GA as compared to those they perform at the centrosome. I will briefly introduce our current knowledge about MT nucleation at the centrosome. Then I will analyse the mechanisms and functions of MT nucleation at the GA and its regulation during mitosis. Finally, I will provide an overview on recent advances on our understanding of the potential mechanisms by which the GA contributes to generate specialized MT arrays in differentiated cells.

2.. Microtubule nucleation at the centrosome {#s2}
============================================

(a). Overview of pericentriolar matrix organization {#s2a}
---------------------------------------------------

The PCM consists of a meshwork of fibrous proteins \[[@RSTB20130462C3]\]. Both its size and ability to nucleate MTs are tightly regulated during the cell cycle and during cell differentiation. As cells enter mitosis, the PCM undergoes a drastic increase in size. This process, referred to as centrosome maturation, occurs during the G2/prophase transition and is driven by the accumulation and activation of γ-tubulin and other PCM proteins \[[@RSTB20130462C6]\]. In contrast, the centrosome loses its function as an MT-organizing centre during differentiation of some tissues such as epithelia, muscles and neurons. In these cases, the amount of γ-tubulin at the centrosome decreases and the majority of MTs arise from acentrosomal sites \[[@RSTB20130462C7],[@RSTB20130462C8]\].

The PCM has been traditionally considered an amorphous structure, probably due to its rather homogeneous density in electron microscopy images. Recently, the application of subdiffraction-resolution fluorescence microscopy combined with site-specific antibody analyses has unveiled a high-order spatial organization of the PCM \[[@RSTB20130462C9]--[@RSTB20130462C12]\]. During interphase, the PCM is arranged as concentric layers with distinct molecular composition and architecture. Some PCM components adopt ring-like distributions located at specific distances from the centriole walls, whereas other PCM components show an elongated orientation and extend radially from the centriole wall towards the periphery, thus spanning several layers. During mitosis, this concentric organization is less defined and PCM proteins appear organized as extended networks \[[@RSTB20130462C10]--[@RSTB20130462C12]\]. To elucidate how this highly ordered organization contributes to the primary PCM functional role, which is to nucleate and anchor MTs, is a major task for future studies. It would also be interesting to evaluate the significance of the PCM architecture in generating radial arrays of MTs.

(b). Mechanisms of microtubule nucleation {#s2b}
-----------------------------------------

Centrosomal MT nucleation is mediated by a large protein complex named the γ-tubulin ring complex (γ-TuRC) due to its striking ring shape in electron micrographs \[[@RSTB20130462C1]\]. In addition to γ-tubulin, the γ-TuRC contains five homologous γ-tubulin complex proteins (GCPs; GCP2 to GCP6). The conserved essential core of the MT nucleating machinery is the γ-TuSC that consists of two copies of γ-tubulin bound to GCP2 and GCP3. Multiple copies of the γ-TuSC associate with GCP4, GCP5 and GCP6 and this association contributes to formation of the characteristic structure of the γ-TuRC. Several other proteins including MOZART1, MOZART2 (or GCP8) and NEDD1 (also called GCP-WD or GCP7) have also been described as components of the human γ-TuRC but they might have a regulatory rather than a structural role \[[@RSTB20130462C13]--[@RSTB20130462C15]\].

Although recent structural work has shed light on the mechanism of γ-TuRC-based MT nucleation \[[@RSTB20130462C16]\], the molecular details of γ-TuRC recruitment to the centrosome are still not completely understood. Centrosomal attachment seems to occur through interaction with γ-TuSC components since in *Saccharomyces cerevisiae,* naturally lacking GCP4 and GCP6 proteins, γ-TuSC components are still found at the spindle-pole body, the functional analogue of the centrosome. And in other organisms, although present, GCP4 to GCP6 are dispensable for γ-TuSC centrosomal localization \[[@RSTB20130462C1],[@RSTB20130462C4]\]. However, in humans centrosomal targeting of γ-tubulin requires an intact γ-TuRC \[[@RSTB20130462C15],[@RSTB20130462C17]\]. Recruitment of γ-TuRC to centrosomes at different cell cycle stages involves several centrosomal proteins. Among them, Cep192 was shown to be required for the recruitment of NEDD1, one of major γ-tubulin recruiting factors \[[@RSTB20130462C17],[@RSTB20130462C18]\]. Cep192 and NEDD1 silencing resulted in the loss of functional centrosomes in mitotic but not interphasic cells, suggesting that they are involved in the centrosome maturation process and in bipolar spindle assembly \[[@RSTB20130462C19],[@RSTB20130462C20]\]. On the contrary, ninein-like protein recruits γ-TuRCs to the centrosome and stimulates MT nucleation specifically during interphase \[[@RSTB20130462C21]\]. At the onset of mitosis, these three proteins (Cep192, NEDD1 and ninein-like protein) are phosphorylated by PLK1, the main protein kinase responsible for centrosome maturation at G2/M transition. However, while PLK1 activation and subsequent phosphorylation of Cep192 and NEDD1 result in their accumulation at the centrosome, PLK1-mediated phosphorylation of ninein-like protein triggers its displacement from the centrosome and inhibits its dynein--dynactin-dependent intracellular transport towards the centrosome \[[@RSTB20130462C19]--[@RSTB20130462C22]\].

AKAP450 (also known as AKAP350 or CG-NAP) and both pericentrin isoforms (A and B, also known as kendrin \[[@RSTB20130462C23]\]) interact with GCP2/GCP3 components of γ-TuRCs \[[@RSTB20130462C24],[@RSTB20130462C25]\]. These two proteins share a common C-terminal domain called PACT domain that targets them at the centrosome, whereas the N-terminal domain mediates their binding to GCP2/GCP3 \[[@RSTB20130462C25],[@RSTB20130462C26]\]. Finally, CDK5Rap2 directly binds to GCP4 through a motif called γ-TuNA that has been described as a strong activator of MT nucleation \[[@RSTB20130462C27],[@RSTB20130462C28]\]. The γ-TuNA motif is located at the conserved N-terminal CNN1 domain and is also present in myomegalin, a CDK5Rap2 paralogue \[[@RSTB20130462C29]\]. Depletion of each of these proteins, their release from the centrosome or disruption of their interactions with γ-TuRCs leads to defects in MT nucleation either in interphase or in mitosis or in both \[[@RSTB20130462C24],[@RSTB20130462C27],[@RSTB20130462C30],[@RSTB20130462C31]\].

Interestingly, several studies have reported mutual interactions among these proteins. Thus, AKAP450 interacts with pericentrin and both of these proteins bind to CDK5Rap2 \[[@RSTB20130462C25],[@RSTB20130462C32],[@RSTB20130462C33]\]. These proteins are also interdependent for their localization at the centrosome. Pericentrin drives CDK5Rap2 recruitment to the centrosome \[[@RSTB20130462C11],[@RSTB20130462C31],[@RSTB20130462C32]\]. CDK5Rap2 mediates AKAP450 centrosomal targeting \[[@RSTB20130462C33]\] and AKAP450, in turn, recruits myomegalin \[[@RSTB20130462C29]\]. Since these are all large structural proteins that form coiled-coil interactions, they all are putative scaffolding components of the PCM. These structural properties together with their ability to recruit γ-tubulin and their interdependence for centrosomal targeting point to the possibility that they form multiprotein complexes essential for both PCM organization and MT generation at different phases of the cell cycle. Further studies, including three-dimensional super-resolution microscopy, are required to define their contribution to PCM architecture as well as their precise function and regulation during the cell cycle.

(c). Microtubule anchoring at the centrosome {#s2c}
--------------------------------------------

In addition to MT nucleation, MT growth and dynamics require other centrosome-associated activities, most importantly MT capping and MT anchoring. A link between all these centrosome-dependent processes is found in the role carried out by ninein \[[@RSTB20130462C34]\]. Ninein localizes at the subdistal appendages of mother centrioles that are thought to be a major site for MT anchoring. Ninein targets the centriole via its C-terminus and recruits γ-tubulin-containing complexes via its N-terminus \[[@RSTB20130462C34]\]. However, it remains unknown whether ninein can anchor MTs directly or whether it acts in conjunction with other anchoring proteins that are also present at the subdistal appendages of the mother centriole such as the largest subunit of the dynactin complex p150Glued or the MT plus-end-associated protein EB1. Both ninein and ninein-like protein associate with dynactin--dynein complexes, suggesting that they can act in collaboration with p150Glued to carry out their anchoring function \[[@RSTB20130462C22],[@RSTB20130462C34]\]. Furthermore, AKAP450 interacts with p150Glued and this interaction could provide additional MT-anchoring properties to the PCM \[[@RSTB20130462C35],[@RSTB20130462C36]\]. Finally, CAP350 has also been shown to be involved in MT anchorage at the centrosome. CAP350 is a large non-coiled-coil and highly conserved CAP-Gly centrosomal protein that directly binds to MTs. In addition, CAP350 has been shown to recruit FOP to the centrosome and FOP, in turn, recruits EB1. Depletion of either CAP350, FOP or EB1 causes loss of MT anchoring and disorganization of the radial MT array in interphase cells \[[@RSTB20130462C37]\].

So far, five of the PCM proteins described above (AKAP450 \[[@RSTB20130462C38]\], CDK5Rap2 \[[@RSTB20130462C39]\], myomegalin \[[@RSTB20130462C40]\], CAP350 \[[@RSTB20130462C41]\] and pericentrin \[[@RSTB20130462C8]\]) have been found associated with the GA in mammalian cells (see also [figure 1](#RSTB20130462F1){ref-type="fig"}). Currently available data suggesting that they might play similar roles at both subcellular locations has largely modified our vision of the mechanisms governing not only Golgi organization but also complex MT array generation in differentiated cells. Figure 1.Subcellular localization of AKAP450, CDK5Rap2 and CAP350 by immunofluorescence analysis of interphasic RPE-1 epithelial cells (R. M. Rios 2010 & 2011, unpublished results). (*a*) Shows single labellings and (*b*) double immunofluorescence stainings of these proteins (as indicated). GMAP210 was included as a Golgi marker in the line at left. Arrows indicate the position of the centrosome. Scale bar, 10 μm.

3.. Microtubule nucleation at the Golgi apparatus {#s3}
=================================================

(a). The pericentrosomal Golgi apparatus in mammalian cells {#s3a}
-----------------------------------------------------------

The GA is the central organelle of the eukaryotic secretory pathway performing different functions essential for cell growth, homeostasis and division. Although its basic function is highly conserved, the GA varies greatly in shape from one organism to another. In the simplest organisms such as *S. cerevisiae*, this organelle assumes a unique form consisting of dispersed cisternae or of isolated tubular networks \[[@RSTB20130462C42]\]. Unicellular green alga \[[@RSTB20130462C43]\] and many protozoa organize the GA as a single pile of flattened cisternae aligned in parallel \[[@RSTB20130462C44]\]. This organization of the GA is referred to as a Golgi stack and represents the basic structural unit of the GA. In fungi \[[@RSTB20130462C45]\], plants \[[@RSTB20130462C46]\] and *Drosophila* \[[@RSTB20130462C47]\], many separate Golgi stacks are dispersed throughout the cytoplasm. Each Golgi stack is associated with a single endoplasmic reticulum exit site, forming a secretory unit. By contrast, in vertebrate cells individual Golgi stacks are laterally connected to form a continuous membrane system called the Golgi ribbon \[[@RSTB20130462C48],[@RSTB20130462C49]\].

In most vertebrate cells, the Golgi ribbon localizes near the nucleus and surrounds the centrosome. The pericentrosomally positioned GA, in combination with oriented MT arrays, defines an axis of secretion that is relevant for many physiological processes. Time-lapse microscopy studies revealed that the overall three-dimensional arrangement of the GA as a pericentrosomal ribbon is quite stable in spite of intense membrane trafficking \[[@RSTB20130462C50]\]. Both integrity and pericentrosomal positioning depend on MTs and dynein \[[@RSTB20130462C51]--[@RSTB20130462C54]\]. Dynein, which is recruited to the GA by the peripheral coiled-coil protein golgin 160 \[[@RSTB20130462C55]\], moves Golgi elements from the cell periphery towards the cell centre. Once there, active anchoring or tethering to the centrosome might further maintain their pericentrosomal position. GMAP210 is a good candidate to carry out this activity, since when targeted to mitochondria it induces their clustering around the centrosome and when depleted it yields immotile, dispersed Golgi stacks \[[@RSTB20130462C56],[@RSTB20130462C57]\]. GMAP210 is a peripheral homodimeric *cis*-Golgi protein that binds MT minus-ends and γ-tubulin \[[@RSTB20130462C58]\]. GMAP210 has at least two membrane targeting motifs located at the ends of the protein, both of which are required to ensure its proper *cis*-Golgi localization and function \[[@RSTB20130462C59],[@RSTB20130462C60]\]. These results reveal a role for GMAP210 in maintaining Golgi ribbon positioning and integrity, probably by participating in the formation of connecting *cis*-cisternae \[[@RSTB20130462C57]\]. Dispersed Golgi stacks in GMAP210-depleted cells are competent for general protein transport to the cell surface excluding an essential role for GMAP210 in membrane trafficking \[[@RSTB20130462C56]\].

Support for a role of GMAP210 in Golgi architecture came from the analysis of mutagenized mice dying from an autosomal recessive neonatal lethal skeletal dysplasia \[[@RSTB20130462C61]\]. This dysplasia shares common phenotypic features with achondrogenesis type 1A in humans. Both affected mice and patients have nonsense mutations in the *Trip11* gene, which encodes GMAP210. Loss of GMAP210 altered the Golgi structure in many (but not all) tissues and compromised normal glycosylation in the Golgi as well as the transport of certain proteins that would normally be destined for the extracellular matrix \[[@RSTB20130462C61]\]. Follit and colleagues, using an alternative approach, also engineered a GMAP210 deficient mouse. Embryonic kidney cells derived from this knockout mouse exhibited an apparently normal Golgi complex, although the structure of the GA in other tissues was not examined \[[@RSTB20130462C62]\]. GMAP210 is also the receptor of IFT20 protein at the GA \[[@RSTB20130462C62]\]. IFT20 is a critical component of the intraflagellar transport machinery required for the formation and extension of the primary cilium. In mouse embryonic kidney cells lacking GMAP210, primary cilia are shorter than normal and contain reduced amounts of the membrane protein polycystin-2, suggesting that GMAP210 and IFT20 function together at the Golgi in the sorting or the transport of proteins destined for the ciliary membrane \[[@RSTB20130462C62]\]. Accordingly, the homologue of GMAP210 in *Caenorhabditis elegans* is involved in maintaining Golgi organization and in the regulation of cilium length \[[@RSTB20130462C63]\].

(b). Mechanisms of microtubule nucleation at the Golgi apparatus {#s3b}
----------------------------------------------------------------

In the past few years, a new concept about the role of the GA in MT dynamics has emerged: the GA acting as an MT-organizing centre. In a pioneering study, Christian Pous's group in 2001 \[[@RSTB20130462C64]\] reported that Golgi membranes were able to assemble and stabilize MTs in hepatic cells after nocodazole treatment. In addition, purified Golgi membranes were shown to contain γ-tubulin and to promote MT assembly, a finding that has recently been confirmed in neurons \[[@RSTB20130462C64],[@RSTB20130462C65]\]. By tracking polymerizing MTs, Kaverina\'s group then unambiguously demonstrated that an MT subset grows directly from Golgi membranes \[[@RSTB20130462C5]\]. Two other important findings from this study were that siRNA-mediated depletion of γ-tubulin inhibits both Golgi and centrosome MT generation, and that laser ablation of the centrosome does not affect the number of MTs formed at the GA. It was estimated that up to 50% of MTs in RPE-1 interphasic cells are produced by the GA. MT nucleation at the GA was shown to require the MT-stabilizing activity provided by CLASPs, MT plus-end binding proteins that are recruited to the GA through the interaction with the TGN-associated protein GCC185 \[[@RSTB20130462C5]\].

This study did not identify, however, the machinery responsible for MT nucleation at the GA. We further demonstrated that MT nucleation at the GA depends on the PCM protein AKAP450 that specifically associates with the *cis*-GA \[[@RSTB20130462C66]\]. Depletion of Golgi-associated AKAP450 or expression of a dominant negative mutant, which dissociated AKAP450 from the GA but not from the centrosome, completely abolished MT nucleation at the GA \[[@RSTB20130462C36],[@RSTB20130462C66]\]. We then proposed that the *cis*-GA becomes a major site for MT nucleation by acting as a preferential γ-TuRC docking site through a mechanism similar to that operating at the centrosome. This hypothesis has received additional support with the finding that other γ-TuRC recruiting PCM proteins such as CDK5Rap2 ([figure 1](#RSTB20130462F1){ref-type="fig"}) and myomegalin localize at the *cis*-GA \[[@RSTB20130462C29],[@RSTB20130462C39]\].

Indeed, recent data suggest that Golgi capacity to nucleate MTs might rely on multiprotein complexes similar to those present at the PCM (see [figure 2](#RSTB20130462F2){ref-type="fig"} for a model). These data also point out a hierarchy in the association of these proteins to the Golgi. Thus, the peripheral *cis*-Golgi protein GM130 recruits AKAP450 \[[@RSTB20130462C66]\] that, in turn, recruits both CDK5Rap2 and myomegalin \[[@RSTB20130462C29],[@RSTB20130462C39]\]. Accordingly, GM130 depletion caused the dissociation of both AKAP450 and myomegalin from the GA \[[@RSTB20130462C29]\], whereas brefeldin A treatment induced redistribution of GM130, AKAP450 and myomegalin to endoplasmic reticulum exit sites that concomitantly acquired MT nucleation capacity \[[@RSTB20130462C29],[@RSTB20130462C66]\]. It is worth noting that although significant cytoplasmic pools of AKAP450, CDK5Rap2, myomegalin and γ-tubulin exist, MTs do not normally form in the cytoplasm. This suggests that multiprotein complexes become competent for MT nucleation only after being assembled at the *cis*-Golgi membrane surface. Interestingly, a cytoplasmic pool of GM130 is lacking, and GM130 is exclusively present at the *cis*-GA \[[@RSTB20130462C57],[@RSTB20130462C66]\]. Thus, it appears as a critical factor for MT nucleation at the GA by controlling both localization and rate of the process. Figure 2.The centrosome--GA nexus. (*a,b*) Similar multiprotein complexes are present at both the *cis*-face of the GA (*a*) and the PCM (*b*). These complexes contain AKAP450, CDK5Rap2, myomegalin and MT-anchoring proteins such as p150Glued. They are specifically recruited to the *cis*-GA through the interaction between GM130 and the N-terminal domain of AKAP450. Targeting to the centrosome is mediated by the AKAP450 C-terminal PACT domain. AKAP450 and CDK5Rap2 recruit γ-TuRCs and promote MT nucleation at both subcellular locations. Myomegalin and p150Glued might provide MT stabilization activities. (*c*) A working model for the mechanism of MT nucleation at the GA based on availaible data. During Golgi assembly, an MT nucleated by one multiprotein complex might be stabilized by another one located in the vicinity of the same or of a neighbouring stack, before being captured by TGN-associated CLASPs. This would facilitate the correct alignment of Golgi stacks preceding their fusion into a ribbon. MTs could stop growing at the TGN, thus generating an intra-GA network. Alternatively, they may continue to elongate towards the cell periphery. I propose that proteins such as AKAP450 or CDK5Rap2 represent not only functional but also physical connectors between the centrosome and the GA in mammalian cells.

Despite these data, the specific mechanism whereby AKAP450 induces MT formation at the GA has not been fully elucidated. AKAP450 could recruit γ-TuRC directly and/or indirectly through CDK5Rap2 (see model in [figure 2](#RSTB20130462F2){ref-type="fig"}). AKAP450, CDK5Rap2 and their respective orthologues in other species have been reported to bind γ-tubulin-containing complexes \[[@RSTB20130462C25],[@RSTB20130462C27],[@RSTB20130462C67],[@RSTB20130462C68]\]. Takahashi *et al.* \[[@RSTB20130462C25]\] showed that the N-terminal region of CG-NAP indirectly associates with γ-tubulin through interaction with GCP2/GCP3 components of γ-TuRC. We have not detected any interaction between γ-tubulin and the most N-terminal part of the protein in spite of careful examination \[[@RSTB20130462C36]\], although the truncated mutants used in both studies were not identical, which could explain the discrepancies. However, CDK5Rap2 directly binds γ-TuRC and works as a strong activator of MT nucleation through its γ-TuNA motif \[[@RSTB20130462C28]\].

Based on the capacity of AKAP450 to bind p150Glued and the finding that blocking dynein/dynactin interferes with GA-based MT nucleation at the GA \[[@RSTB20130462C66]\], it has been proposed that AKAP450 might also support MT formation via a dynein/dynactin-dependent mechanism \[[@RSTB20130462C69]\]. The binding site for p150Glued is localized at the N-terminus of AKAP450, close to the GM130-interacting motif. An AKAP450-truncated mutant containing both p150Glued and GM130-binding motifs targets the GA and MTs, and yet GA membranes are unable to nucleate MTs \[[@RSTB20130462C36]\]. Therefore, although a direct proof is still lacking, all evidence supports the idea that the main mechanism for MT nucleation at the GA is based on γ-TuRC recruitment. Interestingly, the PTTG1/securin protein has been found in a complex with AKAP450, GM130 and γ-tubulin \[[@RSTB20130462C70]\]. PTTG1/securin localizes at both the centrosome and the GA, and when depleted, MT nucleation is delayed at both subcellular localizations. Based on described PTTG1/securin functions, the authors proposed that PTTG1 could act as a chaperone contributing to the formation and stability of MT-nucleating complexes.

In addition to AKAP450-mediated MT nucleation, successful formation of MTs from the GA also requires the MT-plus-end stabilizing activity provided by CLASPs \[[@RSTB20130462C5]\]. However, AKAP450 localizes at the *cis*-Golgi, whereas CLASPs, on the contrary, bind to the TGN membranes. How these proteins, localized at opposite faces of Golgi stacks, mechanistically cooperate to promote MT nucleation and growth is intriguing. Most cell types display a dense meshwork of short MTs that colocalize with the GA. This intra-Golgi MT network is lacking in cells depleted of either CLASPs or AKAP450 \[[@RSTB20130462C5],[@RSTB20130462C66]\]. One straightforward possibility to explain how this network is assembled is that MTs elongate from the *cis*-face of the Golgi stacks and their plus-ends are capped by *trans*-Golgi network (TGN)-associated CLASPs. This would generate short MTs within, and rather parallel to, the Golgi ribbon. Interestingly, while centrosomal MTs show clear radial organization, MTs formed at the Golgi are predominantly tangential \[[@RSTB20130462C69]\]. This geometry would favour tangential linking and fusion of Golgi stacks into a Golgi ribbon that is the primary function of Golgi-nucleated MTs (see §3*c*). Another subpopulation of Golgi-nucleated MTs is directed towards the front of motile cells \[[@RSTB20130462C5]\]. In this case, CLASPs might stabilize *cis*-Golgi-nucleated MTs growing towards the TGN, thus allowing them to extend away towards the cell periphery.

It should also be taken into account that all the proteins forming part of putative MT-nucleating multiprotein complexes at the *cis*-Golgi might also contribute to MT anchoring and stabilization. As mentioned above, AKAP450 interacts with p150Glued that directly binds to MTs and EB1. CDK5Rap2 was shown to bind to growing MT tips by associating with EB1, suggesting that it could, in this way, regulate the plus-end dynamics of MTs \[[@RSTB20130462C71]\]. Moreover, two myomegalin isoforms differing at their N-terminus have been identified in RPE-1 cells \[[@RSTB20130462C29]\]. One of them contains the CNN1 domain also shared by CDK5Rap2 that confers upon them the capacity to bind γ-TuRC. This isoform is present at both the centrosome and the GA. The second isoform lacks this domain but it is able to bind EB1. Notably, this second isoform specifically associates with the GA. Although neither EB1 nor its relative EB3 have yet been observed at the GA, it is tempting to speculate that MT nucleation and EB1-mediated stabilization activities are present in the same complex, or in very close proximity, at the *cis*-Golgi. This might contribute to efficient and coordinated growth of MTs at the *cis*-GA before being stabilized at the TGN. Supporting this view, time-lapse imaging of nocodazole-recovering cells showed that tips of MTs growing from Golgi stacks were covered with GFP-EB3 from the very beginning of MT nucleation \[[@RSTB20130462C5]\]. This model also agrees with early three-dimensional electron microscopy studies, in which individual MTs and their relationships with cisternae were analysed *in situ*. These studies revealed that MTs associate with the first *cis*-cisternae of the GA over long distances and also cross Golgi stacks at multiple points via non-compact regions and cisternal openings \[[@RSTB20130462C72]\] ([figure 2](#RSTB20130462F2){ref-type="fig"}).

Finally, the centrosomal protein CAP350 has been shown to specifically stabilize Golgi-associated MTs in HeLa cells \[[@RSTB20130462C41]\]. CAP350 not only localizes at the centrosome, but is also present as numerous dots in the Golgi area and as a significant pool in the cytoplasm. Unexpectedly, CAP350 was found to bind MTs through its N-terminal domain rather than through its CAP-Gly domain. When overexpressed, CAP350 targets the centrosome but also binds to MTs colocalizing with the GA. At higher expression levels, exogenous CAP350 covers the whole MT network. Perturbation of CAP350 expression levels results in Golgi fragmentation but not dispersal, suggesting that it participates in maintaining Golgi ribbon integrity.

(c). Functions of Golgi-nucleated microtubules {#s3c}
----------------------------------------------

In contrast to the effect on Golgi morphology and positioning induced by MT depolymerization or dynein-activity inhibition, blocking of MT nucleation at the GA does not result in Golgi dispersal. In partially CLASPs- or AKAP450-depleted cells, a circular GA surrounding the centrosome is observed \[[@RSTB20130462C5],[@RSTB20130462C66]\]. FRAP experiments revealed, however, that the GA is highly fragmented, suggesting that Golgi elements are unable to form a continuous Golgi ribbon under these conditions \[[@RSTB20130462C36],[@RSTB20130462C73]\]. These results suggested that centrosomal MTs might support central Golgi positioning but would be insufficient for proper Golgi ribbon formation and that, conversely, Golgi-based MTs might be dispensable for translocation of membrane elements from the cell periphery towards the cell centre but required for their fusion into a continuous structure. Experimental support for this hypothesis was provided by Kaverina and colleagues and further confirmed by us \[[@RSTB20130462C36],[@RSTB20130462C73]\]. During nocodazole recovery, the subset of Golgi-nucleated MTs was first required for the assembly of Golgi fragments into larger elements at the cell periphery. Then, as a second step, centrosomal MTs provided the tracks along which the GA elements were transported to the cell centre. Once present in close proximity to each other, these large elements tangentially connected to form a single membrane unit in a Golgi-based MT-dependent manner. These results indicate that centrosome- and Golgi-derived MTs have different roles in the Golgi assembly process: centrosomal MTs ensure the pericentrosomal location of the GA, whereas Golgi-nucleated MTs are responsible for Golgi ribbon integrity. This mechanism is surely operating in Golgi re-assembly that occurs every time a cell exits mitosis \[[@RSTB20130462C73],[@RSTB20130462C74]\] (see §3*d*). However, the scenario in mitosis appears to be more complicated. In many cell types, GA reassembly during cytokinesis occurs at two different subcellular locations: one Golgi ribbon is formed around the centrosome, and the other one is situated next to the midbody and flanks the intracellular bridge between the two daughter cells. These two ribbons then coalesce at the cell centre and eventually form a single unit. To understand how the complex and evolving geometry of MT network during telophase and cytokinesis contributes to the formation of the Golgi ribbon at the mitotic exit deserves careful analysis in future studies.

Fusion of Golgi stacks into a polarized Golgi ribbon is a complex process that implies lateral linking, and subsequent fusion, of homotypic cisternae. It requires not only proper orientation of polarized stacks but also precise recognition of cisternal identity. Golgi-nucleated MTs that grow tangential to stacks might contribute to this process by allowing Golgi stacks to align properly, thus facilitating successive linking and fusion events. Interestingly, the *cis*-Golgi protein GRASP65 found in a stable complex with GM130 \[[@RSTB20130462C75]\] plays an important role in the lateral linking of the *cis*-cisternae by forming anti-parallel homo-oligomers in *trans* \[[@RSTB20130462C76]\]. These oligomers bring cisternae into close contact, thereby allowing membrane fusion to proceed. Based on that, the hypothesis that GM130 connects MT-nucleation and lateral membrane linking machineries at the *cis*-face of the GA is appealing. This would certainly facilitate the elaborate process of fusing hundreds of Golgi stacks into a single highly polarized structure.

Several studies have emphasized the intrinsic asymmetric nature of Golgi-derived MT arrays \[[@RSTB20130462C5],[@RSTB20130462C66],[@RSTB20130462C73]\]. This asymmetry is relevant for polarized cell organization that, in turn, is essential for cell migration. Cells lacking Golgi-derived MTs migrate more slowly in wound-healing assays in spite of proper pericentrosomal positionioning of the GA and coordinated reorientation of both the centrosome and the GA towards the leading edge \[[@RSTB20130462C36],[@RSTB20130462C66]\]. This clearly identifies Golgi-nucleated MTs as important players in regulating directional migration, probably by establishing preferential secretion paths towards the leading edge in migrating cells. Consistently, directional but not general secretion is affected under these conditions. It should be noted that disrupting Golgi--centrosome association has a stronger negative effect on cell polarity and migration than simply inhibiting MT nucleation \[[@RSTB20130462C36]\]. As a matter of fact, dislocation of the polarity axis induced by the expression of the N-terminus of AKAP450 results not only in a reduced migration rate but also in an aberrant migration pattern with cells moving in the wrong direction \[[@RSTB20130462C36]\]. This is in agreement with previous evidence that motile cells require a polarized Golgi complex in proximity to the centrosome for proper directional post-Golgi trafficking and directional cell migration \[[@RSTB20130462C77]\].

In conclusion, coupling of centrosome- and Golgi-derived MT activities ensures the correct formation and location of the Golgi ribbon, which is vital for cellular functions that require polarized secretion and directional migration.

(d). Mitotic regulation of Golgi-associated microtubule nucleation {#s3d}
------------------------------------------------------------------

During cell division, the single Golgi ribbon must be divided into the two daughter cells. To prepare for proper segregation, the ribbon first unlinks into individual stacks, which further undergo unstacking and vesiculation. These mitotic Golgi membranes are then partitioned between the two daughter cells where they reassemble in a single Golgi ribbon after cytokinesis \[[@RSTB20130462C78]\]. Disassembly of the Golgi complex during mitosis is not a conserved phenomenon among eukaryotes, suggesting that it is not strictly required to ensure Golgi inheritance. Why vertebrate cells have developed such a sophisticated strategy is not yet fully understood. It has been proposed that Golgi stack unlinking in late G2 is a necessary step for cells to enter into mitosis rather than only a passive consequence of mitosis. As a matter of fact, experimentally induced block of Golgi unlinking in G2 delays entry into mitosis \[[@RSTB20130462C79]\]. Since Golgi-nucleated MTs play a critical role in the fusion of Golgi stacks into a single unit, one can safely assume that the machinery controlling this process is subjected to mitotic regulation. And indeed, this is what has recently been demonstrated in a study by Maia *et al.* \[[@RSTB20130462C74]\] addressing the question of the ability of Golgi membranes to nucleate MTs during the cell cycle. The MT nucleation capacity of Golgi membranes remains unchanged until late prophase, when fragmented Golgi membranes start to be visible, then it is strongly downregulated during metaphase and regained in telophase.

Upon mitotic exit, Golgi stacks are re-formed by tightly regulated fusion of small Golgi membrane vesicles into cisternae that undergo subsequent stacking. Formation of stacks is MT-independent and can be reconstituted in a cell-free system or in MT-devoid cells \[[@RSTB20130462C78]\]. However, reassembly into a functional Golgi ribbon in late mitosis was shown to be dependent on MTs. How this process is regulated at the molecular level is far from clear. The aforementioned Maia *et al.* study also analysed the reformation of the Golgi ribbon at mitotic exit. In the presence of a dominant negative mutant of AKAP450, reforming Golgi stacks accumulate at the cell centre during telophase but they remain small and fragmented \[[@RSTB20130462C74]\]. Therefore, Golgi-associated AKAP450-dependent MT nucleation is essential to bring together emerging Golgi stacks in the course of post-mitotic assembly, thus promoting Golgi stack fusion and efficient Golgi ribbon formation. In line with that, a striking observation was reported by Wei & Seemann \[[@RSTB20130462C80]\]. They observed that, while reformation of Golgi stacks is independent of the mitotic spindle, the fusion of stacks into a ribbon requires factors that segregate with the mitotic spindle. Since AKAP450, CDK5Rap2, myomegalin and CLASPs are components of the mitotic spindle, it is tempting to speculate that a pool of these proteins is released from the spindle during telophase and somehow participates in post-mitotic Golgi reassembly.

(e). Golgi nucleation in differentiated cells {#s3e}
---------------------------------------------

Terminal differentiation of mammalian cells involves extensive changes in cell morphology and in subcellular architecture. The best-studied examples include epithelial, muscle and neuronal cells. A common feature of these cell types is that MTs are reorganized during differentiation into non-centrosomal complex arrays by mechanisms that are not yet well understood. Recently available data demostrate that Golgi-nucleated MTs play a critical role in MT reorganization taking place during both muscle and neuron differentiation \[[@RSTB20130462C8],[@RSTB20130462C65]\].

Reorganization of cell architecture during skeletal muscle differentiation implicates complete and simultaneous remodelling of the centrosome, the MT network and the secretory system. Such reorganization has been mainly studied in myoblasts induced to differentiate into multinucleated myotubes *in vitro*. Myoblasts exhibit a classical MT network focused on juxtanuclear centrosomes surrounded by the GA, whereas myotubes possess numerous MTs organized in parallel, without any apparent nucleation centres. First insights into the mechanisms underlying such a transition came from pioneering studies from Bornens' group \[[@RSTB20130462C81],[@RSTB20130462C82]\]. They showed that during myotube differentiation both the PCM and the GA redistributed to the nuclear envelope where they formed perinuclear belts. Concomitantly, nuclei acquired MT nucleation capacity. Perinuclear belts were then shown to contain pericentrin, γ-tubulin and ninein that could account for the MT nucleating activity of myotube nuclei. Interestingly, in short-time MT regrowth experiments, new MTs not only formed at the perinuclear ring but also appeared as asters growing from cytoplasmic nucleating sites. More than 85% of these MT regrowth foci were identified as Golgi elements that in fused myotubes not only surrounded nuclei but also extended between them \[[@RSTB20130462C83]--[@RSTB20130462C85]\].

Muscle tissue cultures have been useful for studying the first phase of differentiation of myoblasts into multinucleated myotubes. However, cultured myotubes do not mature into the fibres that form muscle. Muscle fibres are flat cylinders with actomyosin filaments occupying the cytoplasm almost completely. Nuclei, organelles and MTs concentrate in a thin layer of cytoplasm between filaments and the plasma membrane. These MTs form a grid-like network with very few clear starting and end points. Remarkably, Golgi elements are positioned at the vertices of the MT lattice in a unique organization. Using confocal, intravital and super-resolution microscopy, Ralston\'s group nicely demonstrated that muscle MTs are dynamic and form small bundles which build a stable MT network \[[@RSTB20130462C8]\]. They found that static Golgi elements, located at MT intersections of the orthogonal grid of MTs, were the major sites of muscle MT nucleation in addition to the nuclear envelope, generating in this way an unusual MT network. They detected γ-tubulin and pericentrin on Golgi elements of muscle fibres but not AKAP450 or CLASP2. However, since multiple AKAP450 isoforms exist and not all anti-AKAP450 antibodies are able to recognize Golgi-associated AKAP450 fraction \[[@RSTB20130462C30]\], the presence of AKAP450 at the surface of Golgi elements cannot be formally excluded. Nevertheless, pericentrin and AKAP450 are structurally and functionally related proteins, suggesting that a similar mechanism to that found in cultured cells could also regulate MT nucleation at the Golgi in muscles.

Neurons are some of the most complex and highly polarized cells in animals. They differentiate from round cells that gradually acquire polarity, to a multipolar stage with many neurites and finally to the formation of one single axon and multiple dendrites. MT nucleation is essential for proper formation and maintenance of both dendritic and axonal branches \[[@RSTB20130462C86]\]. How the polarized MT array in neurons is generated is still an important open question. It has been proposed that MTs nucleated at the centrosomes are cleaved and then transported to the proper compartment. Alternatively, MTs might be severed in the periphery and serve as scaffolds for nucleation/polymerization \[[@RSTB20130462C86]\]. Recent studies have shown, however, that the centrosome loses its function as the major MT-organizing centre during neuronal development and that, in fact, acentrosomal nucleation occurs in neurons \[[@RSTB20130462C7],[@RSTB20130462C87]\]. In neurons, the GA comprises Golgi stacks located within the soma and Golgi elements termed Golgi outposts present along the dendrites, at dendritic branch points and at the distal tips. Using time-lapse microscopy and *in vitro* experiments, Ori-McKenney *et al.* \[[@RSTB20130462C65]\] have investigated the origin of MTs within the dendritic arbour of a specific type of neurons in *Drosophila*. They found that Golgi outposts can directly nucleate MTs through the dendritic arbour. This acentrosomal MT nucleation requires γ-tubulin and the *Drosophila* homologue of AKAP450. Partially purified Golgi outposts containing both proteins were able to nucleate MTs in *in vitro* assays. Most importantly, they showed that Golgi outpost-associated MT nucleation regulates distal dendritic branching and is critical for terminal branch stabilization. It is worth mentioning that Golgi outposts are absent in the axon, which is a long primary branch with uniform MT polarity. By contrast, the dendritic arbour is an intricate array of branches, where MT polarity depends on the branch length. In neurons lacking cytoplasmic dynein, Golgi outposts mislocalize to the axon which appears branched and contains MTs of mixed polarity \[[@RSTB20130462C88]\]. Interestingly, small MT bundles growing from Golgi elements in muscle fibres also contain MTs of mixed polarity. Therefore, it can be speculated that generation of MT arrays with mixed MT orientation might be a property of Golgi-associated MT nucleation in complex morphogenetic processes.

4.. Concluding remarks and perspectives {#s4}
=======================================

A comparison between the MT nucleation process at the centrosome and at the GA highlights some common features and interesting differences. Indeed, data presented in this review show that the GA uses classical centrosomal proteins for its MT nucleation activity. These data further suggest that centrosome-associated proteins can function fully independently of the centrosome. While this assumption is still valid, the network-like distribution of proteins such as AKAP450 or CDK5Rap2 extending from the centrosome towards the GA, suggests the existence of direct connections between these two organelles (see [figure 2](#RSTB20130462F2){ref-type="fig"} for a working model). Admittedly, this connection would facilitate the well-known coordinated behaviour of both organelles in physiological processes that require MTs to be dynamic, such as cell migration, Golgi reassembly after mitosis, and the formation of the immunological synapse \[[@RSTB20130462C49]\]. Additionally, the existence of PCM protein networks connecting the centrosome and the GA raises the interesting question of how precisely to define the limit of the centrosome in mammalian cells. *In vivo* analysis and super high-resolution imaging techniques will certainly help to refine our knowledge of the organization of this crucial subcellular region. Despite the recent steps forward in our understanding of the MT nucleation process at the GA, a coherent view about how Golgi-associated PCM proteins interact with each other and with CLASPs in order to orchestrate this process is still lacking. The mechanism by which Golgi-based MTs cooperate with membrane tethering and fusion machineries to generate a single membrane unit also remains unknown. Thus, integrative studies will be useful to assemble in common networks proteins involved in controlling MT formation and those regulating Golgi ribbon assembly and membrane trafficking.

The major differences between centrosome-nucleated and Golgi-nucleated MTs stem from their geometry and nature. It has been known for long time that MTs colocalizing with the GA are highly enriched in post-translationally modified tubulins, in particular detyrosinated and acetylated α-tubulin \[[@RSTB20130462C54]\]. In this regard, the most obvious questions are how and why the molecular machinery responsible for such modifications specifically targets the Golgi subpopulation of MTs.

Data examined in this review also reveal an important role of the GA in organizing complex and specialized MT arrays that carry out specific functions in differentiated cells. Hopefully, the recent discoveries in muscles and neurons will be soon extended to other cell types with equally complex MT arrays. Particularly relevant will be a thorough understanding of how MT nucleation at the GA contributes to MT remodelling during the establishment of apico-basal polarity in epithelial cells.

Finally, since MT nucleation at the centrosome and the GA is probably differently, yet coordinatively regulated in a cell cycle- and cell type-dependent manner, deciphering the signalling pathways underlying such regulation will no doubt deserve more attention in years to come. Further efforts should also be made to understand this regulation better in different biological contexts, for example, during animal development and disease pathogenesis.
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